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The use of biomarkers to infer drug response in patients is being actively pursued, yet significant challenges with this approach, including the complicated interconnection of pathways, have limited its application. Direct empirical testing of tumor sensitivity would arguably provide a more reliable predictive value, although it has garnered little attention largely due to the technical difficulties associated with this approach. We hypothesize that the application of recently developed microtechnologies, coupled to more complex 3-dimensional cell cultures, could provide a model to address some of these issues. As a proof of concept, we developed a microfluidic device where spheroids of the serous epithelial ovarian cancer cell line TOV112D are entrapped and assayed for their chemoresponse to carboplatin and paclitaxel, two therapeutic agents routinely used for the treatment of ovarian cancer. In order to index the chemoresponse, we analyzed the spatiotemporal evolution of the mortality fraction, as judged by vital dyes and confocal microscopy, within spheroids subjected to different drug concentrations and treatment durations inside the microfluidic device. To reflect microenvironment effects, we tested the effect of exogenous extracellular matrix and serum supplementation during spheroid formation on their chemotherapeutic response. Spheroids displayed augmented chemoresistance in comparison to monolayer culturing. This resistance was further increased by the simultaneous presence of both extracellular matrix and high serum concentration during spheroid formation. Following exposure to chemotherapeutics, cell death profiles were not uniform throughout the spheroid. The highest cell death fraction was found at the center of the spheroid and the lowest at the periphery. Collectively, the results demonstrate the validity of the approach, and provide the basis for further investigation of chemotherapeutic responses in ovarian cancer using microfluidics technology. In the future, such microdevices could provide the framework to assay drug sensitivity in a timeframe suitable for clinical decision making. with the early stages of this cancer. [1] [2] [3] [4] [5] Ovarian carcinomas are highly heterogeneous and can be subdivided according to their cell type: serous, mucinous, endometrioid, clear cell, Brenner, mixed subtypes, or undifferentiated. [6] [7] [8] Patients can present with ascites, 9,10 a voluminous effusion with a cellular fraction consisting mainly of epithelial ovarian cancer cells, lymphocytes, and mesothelial cells. While more than 80% of the patients will initially respond to treatment, recurrence is common but is generally observed within variable time intervals. [11] [12] [13] [14] The high rate of recurrence and mortality of this disease (>80%) underscores the need for a greater understanding of the molecular basis of the disease and the subsequent development of new clinical tools for both detection and patient management. While platinum/taxane-based treatment is currently the gold standard in first line therapy, failure of this treatment in a significant portion of patients remains a serious problem. [15] [16] [17] Identifying non-responders, thereby reducing costs and toxicities associated with no clinical benefit, while offering these individual alternative first line treatments, remains one of the most important aspects in the initial clinical management of the ovarian cancer patient, and the focus of future clinical trials. [18] [19] [20] Over the past decade, therapeutic strategies against cancer have experienced a framework shift from broad cytotoxic drugs to a more personalized level of medicine-based targeted therapeutics, largely due to the realization that a panacea to cancer may not exist, given the geneticepigenetic diversity of tumors and their variable responses to chemotherapy. 21, 22 Strategies to predict tumor responses to treatment, especially for targeted therapies, have relied either on biomarkers or tumor-based assays. 23 However, personalized medicine has suffered from somewhat disappointing outcomes, in part due to the imperfect predictive potential of biomarkers as well as the inability of empirical methods to fully appreciate the complexity of the cancer microenvironment. 24 In addition, both approaches have been hampered by intratumoral heterogeneity (ITH), where sub-populations within a tumor may respond differently from the major oncogenic cellular component. [25] [26] [27] ITH has been identified in a number of human cancer types including acute lymphoblastic leukemia, prostate, melanoma, pancreatic, gastric, uterine, and ovarian carcinomas. [28] [29] [30] [31] [32] [33] [34] In the past, most common in vitro methods to test tumor chemotherapeutic responses have relied on dissociating solid tumors explanted into monolayer (2D) cultures, but this approach has proven unsatisfactory as only a limited and highly selected cell population is able to explant and grow. In addition, there is ample evidence to suggest that 2D monolayers lack many of the physical characteristics found in tissues, resulting in dramatically different therapeutic responses to that observed in patients. 35 An alternative approach would be to develop in vitro systems that rely on 3-dimensional (3D) cultures such as spheroids. The advantage of such an approach is that spheroids provide a more appropriate approximation of cell-cell interactions within the tumor, and their drug response may better reflect patient response than 2D monolayer cultures. 36, 37 3D spheroids have been shown to mimic gene expression profiles seen in tissues and present intermediate levels of complexity in terms of cellular organization and sample handling. 38 In particular, spheroid models mimic the microenvironment of avascular solid tumors and in the case of EOC, naturally formed spheroids are abundant in ascitic fluid. [39] [40] [41] [42] It has also been demonstrated that it is possible to grow large numbers of 3D spheroids from tumorexplanted cells thus determining chemoresponse diversity in a large array of samples originating from single source tumor. 42, 43 Moreover, due to the geometric, dimensional, and functional homologies between spheroids and solid tumor biopsy sections, assay methods performed on spheroids may be more easily extended to tissue microsections. 38 We hypothesize that the application of microfluidic technologies on 3D spheroid-based sampling could provide multiplexed real time monitoring of drug sensitivity within a timeframe suitable for clinical decision making. As a proof of concept, we present a novel low-cost microfluidic system that can be loaded with multiple 3D spheroids derived from the TOV112D EOC cell line 44, 45 obtained using our previously reported hanging droplet spheroid culture technique. 43, 46 Using vital dyes coupled with confocal microscopy, we were able to monitor cell death in response to chemotherapeutic agents directly within the microfluidic device. Here, we detail the design and fabrication of the microfluidic system, the parameters related to its use for chemotherapeutic testing, and for characterizing the spheroids' biological response within the system during drug exposure.
II. MATERIALS AND METHODS
A. Design, fabrication, and surface modification of the microfluidic system
The device layout was designed using the computer-aided-design (CAD) program (Solidworks, Dassault Systemes, France). The mold was manufactured using micromachining poly-methyl methacrylate (PMMA). PMMA is thermally stable at the processing temperature ($70 C) of soft-lithography and unlike, silicon molds, it does not require to be silanized. The microfluidic device was fabricated in polydimethylsiloxane (PDMS) using soft-lithographic methods. 47, 48 A mixture of PDMS base to cross-linker (Sylgard 184, Dow Corning, USA) in a 10:1 ratio w/w was poured onto the PMMA mold, degassed, heated at 70 C for 30 min, and was subsequently peeled off from the mold and was reheated again at 70 C for another 30 min. Inlet and outlet ports were punched in the PDMS slab by 4 mm and 2 mm diameter biopsy punches. The microchannel surface of the slab and a medical grade glass-slide were oxidized by airplasma for 50 s and immediately pressed together (for at least 30 s) for bonding which formed the enclosed microchannel system. Last, a trimmed-end 200 ll micropipette tip was inserted into the inlet port and the outlet port was completed by inserting an 18-gauge blunt needle end in the punched hole. Dimensions of the different parts of the channels are given in Fig. 1 . In particular, the outlet dimension was adjusted to prevent backflow. As this backflow is caused by the height difference between outlet and inlet liquid column, it is directly proportional to pðh 0 À h i ÞD 2 0 , where h i and h 0 are liquid column heights at the inlet and the outlet, respectively, and D 0 is the outlet diameter (Fig. 2) . To prevent cell adhesion to the microchannel walls, which could disrupt the spheroid structure, microchannel surfaces were treated with 10 mg/ml poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic F108, Sigma-Aldrich, USA) dissolved in sterilized phosphate buffered saline (PBS, pH 7.4) for 30 min at 37 C. Following treatment, excess pluronic F108 was purged out and the fluidic system was washed with PBS, 70% ethanol and ovarian surface epithelium (OSE) cell culture medium (Wisent, QC, Canada), respectively. Finally, channels were filled with OSE medium (Wisent, QC, Canada) and the device was stored at room temperature under aseptic conditions. B. Spheroid culture of TOV112D cell line TOV112D cells were cultured in OSE medium supplemented with 10% fetal bovine serum (FBS), 2.5 lg/ml amphotericin B (Wisent, QC, Canada), and 50 lg/ml gentamicin (Invitrogen, ON, Canada). 44, 45 Cells were maintained as monolayer cultures in 100 mm tissue culture petri plates in 5% CO 2 at 37 C. At 70%-80% confluence, cells were harvested in suspension by treating them with trypsin (0.05% trypsin, 53 mM EDTA, Wisent, QC, Canada) for 2 min at 37 C. Two ml of serum-supplemented media were added to neutralize the trypsin and the suspension was then collected in a 15 ml tube and centrifuged at 2000 rpm for 5 min. The supernatant was discarded and the cell pellet was resuspended in 2 ml of fresh serum-supplemented media. Cells were then counted using a haemocytometer and adjusted to a concentration of 250 000 cells/ml (i.e., 4000 cells/16 ll drops). To initiate the spheroid culture by the hanging droplet method, 43 16 ll drops were transferred onto the inner surface of the cover of a 150 mm polystyrene vacuum gas plasma-treated petri dish (BD Labware, NJ, USA). To avoid droplet coalescence and to maintain integrity of the spheroids, 110-120 droplets were transferred to each petri dish cover. The cover was then placed over the petri dish which contained 10 ml of sterilized PBS solution in order to reduce the dehydration of the droplets. In this "hanging droplet" arrangement, spheroids grew with increasing compactness for 6 days. At the seventh day from the initiation, the spheroids were harvested by washing the petri dish cover with 5 ml PBS. Spheroid suspensions were then centrifuged for 2 min at 2000 rpm. The supernatant was carefully discarded and the spheroids were resuspended in 2 ml of fresh serum supplemented media. We also tested the effect of extra serum and extracellular matrix (ECM) supplements by forming the spheroids in OSE medium with 20% serum or 10% serum þ 2.5% matrigel (BD Biosciences, Canada) or 20% serum þ 2.5% matrigel (BD Biosciences, Canada).
C. Spheroid loading and assay
For each device, between 8 and 10 spheroids were taken out in 150 ll media by a 200 ll pipette and were dispensed into the inlet of the microfluidic device. A flow of liquid was then initiated by applying a small suction pressure on the outlet. As a result of the flow, spheroids were serially loaded into each trapping section. The underlying principle of the serial loading of , where h i and h 0 are liquid column heights at the inlet and the outlet, respectively, and D 0 is the outlet diameter. Therefore, by reducing the diameter of outlet, it is possible to reduce the strength of backflow, although it cannot be completely eliminated in this system. spheroids is described in Sec. III A. For investigating the effect of cytotoxic agents, after the spheroids are entrapped in specified segments, fluid within the microchannel system was replaced by OSE medium containing appropriate concentrations of drug and the system was incubated for 6-24 h at 5% CO 2 at 37 C. Finally, the response of the drug-treated samples, at appropriate time points, was compared to the response of control samples. In controls, microchannels were perfused with media without drug to ensure that spheroids were exposed to same level of fluid stress as in the experimental arm. For this study, we selected two common ovarian cancer specific drugs namely carboplatin (stock solution-2.25 mg/ml in 5% dextrose, Novopharm, QC, Canada) and paclitaxel (stock solution-0.18 mg/ml in 5% dextrose, Hospira, QC, Canada). In a separate set of experiments, IC 50 values of carboplatin and paclitaxel for 2D monolayer culture of TOV112D cell line were determined to be 13.96 and 1.89 lM, respectively. While probing responses of the same drugs on TOV112D spheroids, we used the aforementioned IC 50 values as references and varied the drug concentration by dilution in serum supplemented OSE media in the range 0.1-100 IC 50 . After the desired incubation period, the microchannel system was washed with PBS, replacing the drug-containing medium. The entrapped spheroids were labeled with 5 lM CellTracker Green (CTG, Molecular Probes, Invitrogen, USA) for 1 h and 1.5 lM propidium iodide (PI, Molecular Probes, Invitrogen, USA) for 20 min at 37 C. While CTG labels all live cells, PI can permeate through the membranes and label the nucleic acids of dead cells only. The CTG-PI dye combination has been used previously in live-dead imaging or in viability assays. 49 Spheroids were then imaged by a confocal microscope (TCS SP5 II, Leica Microsystems, Germany). Spheroid height was found to be in the range of 70-80 lm and all spheroids were imaged in 15 different z-sections ($5 lm step). Three dimensional shape of the spheroids was found to be similar to what had been reported previously. 50 For each z-section, the mortality fraction (number of dead cells/total cells) was determined using an image processing program (MATLAB, MathWorks, USA) or by manual live-dead cell counting.
III. RESULTS
A. Microfluidic system design, fabrication, and operation
Design
The microfluidic system for spheroid entrapment was designed according to the principles of serial entrapment for beads, as reported previously. 51 In this design, the microchannel system is composed of a series of trapping sections with a narrower section, or neck. Each neck is arranged in parallel with a longer bypass channel (Figs. 1(a) and 1(b)). For our purpose, channel dimensions are fixed in such a way that in the absence of a trapped spheroid, the bulk of the flow passes through the trapping section carrying the leading spheroid towards the trapping area. The design was adjusted to ensure that the system dimensions allowed proper spheroid entrapment while preventing them from squeezing through the trap's neck under the hydrodynamic pressures induced by the flow. 52 We analyzed the flow mechanics through trap and bypass channels as described below. From the perspective of lump fluid mechanical analysis, and neglecting the flow perturbations due to the presence of edges and bends, we used the hydraulic/electric circuit analogy to model pressure driven flow within our system, i.e., Q ¼ DP/R where Q is the volumetric flow rate, DP is the applied pressure difference, and R is the hydraulic resistance. 52 In the present case, the hydraulic resistance ratio of two fluidic paths-connected in parallel-governs the relative flow rates through the fluidic circuits. R is related to the geometric parameters of the channel, with the length (L), the width (W), and the height (H) of the channel by the well-known expression for the hydraulic resistance of rectangular channel 53 R ¼ 12gL
where g is the fluid viscosity.
In the present circuit (Figs. 1(b) and 1(c)), ratio of the flow through the trap and the neck region (Q TN ) to the flow though the bypass (Q B ) is governed inversely by the ratio of corresponding hydrodynamic resistances, yielding to
and in the absence of spheroids, the majority of the flow should be through the trap, implying
In Eqs. (2) and (3), subscripts T, N, B, 1, and 2 refer to trap, neck, bypass, transverse section of bypass and longitudinal section of bypass, respectively. Importantly, Eqs. (1) and (2), along with the constraint provided by Eq. (3), indicate towards a limit to which the neck region could be narrowed down without requiring significant increase in the length of the bypass channel and hence, the device dimension. To elaborate, narrowing down the neck leads to an increase in R N . In order to meet all constraints simultaneously, one then needs to increase R 2 by increasing its length. Hence, one can observe that narrowing down the neck leads to stretching of the transverse section of the bypass channel. The aforementioned relation thus highlights an important constraint on the physical dimension of the device, especially if one considers upscaling in an array of microfluidic traps ( Fig. 1(e) ). Once a spheroid becomes entrapped, it partially blocks the channel, thus, considerably raising the hydrodynamic resistance of the trap. As a result, most of the flow is diverted to the bypass channel, which carries the subsequent spheroid towards the next available trap (Figs.  1(a) and 1(b) ). This design allowed serial and separate entrapment of multiple spheroids to be loaded on the chip simultaneously. It should be noted that the percentage of flow diversion will vary with the size of the spheroid being trapped as well as on the elasticity of the spheroid. However, the device has shown consistent spheroid trapping for a wide range of spheroid sizes.
Fabrication
The mold is fabricated by micromachining in PMMA considering the feature sizes of our design ($500 lm). This process has the advantage of being fast and cheap compared to conventional photolithographic methods. Once the mold is fabricated, replication of hundreds of PDMS devices can be generated (Fig. 2(a) ). PDMS is a non-cytotoxic material and optically transparent, making it suitable for the biological applications. 48 Moreover, the PDMS surfaces can be chemically modified allowing it to be adapted to specialized needs. Here we coated the microchannel walls with Pluronic F108, which is known to prevent cell adhesion. 
Operation-spheroid loading
Spheroids were cultured by the hanging droplet method as previously described 43 and loaded into the microfluidic system. For the TOV112D ovarian cancer cell line, we observed that spheroids grown up to 7 days in hanging droplets were optimally suitable for the loading into the microfluidic device. Before day 7, spheroids are not compact enough to withstand the shear stresses during the loading and were found to fragment with little flow. After day 9, spheroids remained compact but the mortality fraction (i.e., number of dead cells/total number of cells) within the spheroid increased significantly. This induces high background mortality preventing assessment of the effect of a specific drug with a proper control. These observations indicate that the most suitable experimental window is between day 7 and 9, and for all experiments, spheroids grown up to day 7 in hanging droplet condition were subsequently loaded into the microchannel system. At day 7, the mortality fraction within the spheroid was found to be approximately 20%, which corresponds to the mortality fraction observed in certain stages of avascular tumors. 55 To prevent backflow, the width of the outlet column was adjusted, taking into account the height of both the inlet and outlet columns (Figs. 2(b) and 2(c)). We found that spheroids made from the TOV112D cell line, at day 7, were distributed in narrow size range (radius ¼ 150-200 lm). Surprisingly, this size was maintained within the range of seeding density of 1000-4000 cells/droplet. Above this density range, either multiple spheroids formed, or a spheroid with bud-like protrusions appeared, while below it, spheroids were not compact. This observation indicated a characteristics length scale of spheroid formation, although the reason behind this remains unknown.
B. Monitoring chemotherapeutics in EOC microfluidics entrapped spheroids
After spheroid loading into the microfluidic system ( Fig. 3(a) ), they were treated with either carboplatin or paclitaxel, at different concentrations and for different durations. Carboplatin is a platinum-based drug, like cisplatin, which has been used specifically in chemotherapy of ovarian, lung, head, and neck cancers. 56 It cross-links DNA and hence, interferes with the mitotic cell division. Cells with damaged DNA then undergo apoptosis through diverse intracellular signaling pathways. 57 Paclitaxel also inhibits mitotic cell division although by a different mechanism. 58 It binds and stabilizes microtubule polymers and prevents the formation of mitotic spindle assembly and chromosome segregation, which are mandatory for the cells to undergo mitosis. Prolonged cell-cycle arrest at the G 2 /M checkpoint then induces pro-apoptotic signaling. 59 After drug treatment, cells in the spheroids were labeled with CTG and PI (Fig. 3(b) ) for dual fluorescent staining-based live-dead imaging. 49 Upon 3D confocal imaging, we noted that spheroids were sickle-shaped rather than spherical (Fig. 4(b) ). Such shape of spheroids has been reported previously. 50 Therefore, it was important to distinguish the mortality fraction as a function of the confocal microscopy spheroid height (Z-axis), as this creates differences in cell density. In particular, we determined that image layers 1-6 defined cell-poor layers while the lower image layers 7-15 were cell-rich (Fig. 4) . As expected, the mortality fraction increased when spheroids were exposed to a chemotherapeutic agent, with more cell death noted at 24 versus 6 h of exposure (Fig. 4) . No significant changes in the mortality fraction were observed after 24 h in this system.
We have previously reported on the TOV112D IC 50 for both paclitaxel and carboplatin in 2D monolayer cultures, 60 which served as the reference IC 50 . Based on these references, trapped spheroids were treated for 24 h with different multiples of the IC 50 values (0.1, 1, 10, and 100Â) for either paclitaxel or carboplatin and monitored for cell death. Data for 0.1 Â IC 50 of both drugs, not illustrated in the figure for the sake of clarity, were found to be essentially identical to the data from the control samples, indicating there was no effect of the drugs at this concentration. For carboplatin, we observed that the reference IC 50 values did not yield any significant increase in mortality fraction in the spheroid model as compared to controls (Fig. 5 ) although some cell death was noted at the appropriate IC 50 with paclitaxel. By linear interpolation, we found that IC 50 values of carboplatin and paclitaxel for TOV112D spheroids were 8.9 6 1.2 and 7.1 6 0.6 times the monolayer IC 50 values of these two drugs, respectively (Figs. 5(b) and 5(c)).
Finally, analyzing the mortality distribution across the spheroid cross-section (XY plane), it was found that effects of the two drugs were most prominent in the center of the spheroids (Fig. 6) . In Fig. 6 , the probability distribution of the mortality fraction was plotted for samples exposed to carboplatin and paclitaxel versus untreated samples. The phenomenon of greater cell death at the center of the spheroid was found to be most prominent for the paclitaxel treatment (Fig. 6(c) ).
C. Effect of extracellular matrix and elevated serum supplementation during spheroid formation on chemotherapeutic response
The tumor microenvironment is thought to alter chemotherapeutic responses. To see whether we could mimic some of these events in our in vitro model, we tested the effects of extracellular matrix (through the use of matrigel) and altered growth factors (through elevated serum) on the chemoresponse of TOV112D spheroids (Fig. 7) . Excess serum and matrigel supplementation have been shown to increase the compactness of cancer cell spheroids, possibly by providing essential extracellular matrix proteins. [61] [62] [63] Here, we observed that the addition of matrigel and high serum during spheroid formation significantly decreased the mortality fraction in response to 10 Â IC 50 of carboplatin in all relevant cross-sections ( Fig. 7(a) ). Applied individually, serum and matrigel supplementations had no effect on the response characteristics of TOV112D spheroids (Fig. 7(a) ). This observation was found to be true for both exact (Figs. 7(a) and 7(b)) and differential (i.e., drug induced-control) mortality fractions (Fig. 7(c) ) upon carboplatin treatment.
IV. DISCUSSION
The ability to predict the response of a patient's tumor to chemotherapy before initiating treatment should allow for better clinical management of these individuals. Ideally, this would entail direct testing of patient samples in a time-frame suitable for clinical decision making. Here, we have presented a prototype of a microfluidic system where one can monitor the chemotherapeutic response of ovarian cancer spheroids. In our methodology, we focused on 3D spheroids as they are known to reproduce functional, histomorphological, volume growth kinetics, and mass transport properties present in solid tumor tissue. Additionally, spheroids can directly be isolated from ovarian ascites, or be formed from tumoral disaggregates 41, 42 where no culture amplification step is required, thus, minimizing in vitro selection bias. Utilizing a microfluidics platform provides several technical advantages that make it an attractive system in chemoresponse testing. The platform's ability to precisely control sample drug exposure both spacially and temporally, the high resolution imaging, and the experimental reproducibility within the same device are some of the main advantages. In addition, the ability for parallel testing of several chemotherapeutics, using small quantities of expensive drugs, suggests that this approach might be practical for multiple analyses with small samples. Microfluidic systems have been used previously to generate spheroids on-chip. [64] [65] [66] [67] However, unlike the present device, they start from single cells, which then form aggregates within the device. The current Note that the simultaneous addition of matrigel and increased serum (20%) supplementation showed a statistically significant increase in chemoresistance, while neither had a significant effect alone. In addition, in the absence of drug, addition of matrigel and 20% serum appears to significantly diminish basal cell death within the spheroids (statistically significant in image layers 12 and 15). Each data point is averaged over three independent experiments (with total number of samples, n ¼ 16) and shown as mean 6 standard deviation. design, however, offers the possibility to entrap and test other biologically relevant samples such as tissue sections from biopsies.
By relying on a confocal-based live-dead cell imaging protocol, we can quantify cell death while improving our understanding of the temporal-spatial aspects of cell death within a 3D architecture. We were initially puzzled by the observation that image layers 1-5 of the spheroids were devoid of cellular material at the center of the image. After image processing, it was determined that using the hanging droplet method to generate spheroids generated 3D sickleshaped structures which could be attributed to forces within the droplets, namely, surface tension and gravity. Similarly shaped spheroids grown as hanging droplets have been independently described. 50 The analysis also allowed us to observe the spatial distribution of cell death. Although we have previously shown that cell proliferation occurs throughout the spheroid diameter, 43 we noted that cell death was most prominent in the center of the spheroid. Some studies have reported a centripetal decrease in metabolic activity within spheroids, and that such metabolically quiescent cells show increased plasma membrane permeability. 36, 37, 68, 69 Therefore, while precise metabolic profiles of TOV112D spheroids remain to be investigated, it is possible that the preferential chemosensitivity of the spheroid core may be linked to reduced metabolic activity. Another possibility is whether hypoxia contributes to the phenomena, although initial results looking at hypoxia-inducing genes within the spheroid have not identified the existence of such a gradient. 43 Our results confirm previous observations that 3D cultures are associated with an increase in drug resistance as compared to their monolayer counterparts. This increased resistance has been attributed correlatively or causally to multiple genetic and physical factors such as core necrosis by hypoxia, drug permeability, inhibition of apoptosis, altered surface receptor expression, altered overall gene expression profile, and changes in metabolic activity. 35 Moreover, it has been shown previously that in relation to these factors, spheroid models provide a better approximation of in vivo solid tumors than 2D monolayer cultures, which partially explains the reduced in vivo efficacy of in vitro tested therapeutics. 36, 37, 69 In the present case, given that the typical radius of TOV112D spheroids ranges between 150-200 lm, which is approximately 2-fold smaller than the characteristic thickness (>400 lm) necessary for eliciting significant hypoxia or heterogeneous drug distribution, 35 we do not believe that these two factors are directly linked to increases in drug resistance. A more plausible explanation may be that gene expression is significantly altered in the spheroid context. In support of this notion, we have previously identified differential gene expression when comparing monolayer and spheroid cultures from several different ovarian cancer cell lines. 43, 70 Among genes showing significant variations were genes associated with cytoskeletal protein binding. Further experiments to clarify gene expression in the context of drug exposure would need to be conducted. In addition, a recent genome-wide gene expression analysis in lung and squamous cancer cells revealed that growing cells in 3D cultures mainly affected genes that alter the composition of extracellular matrix and were associated with tissue development, intercellular and cell-ECM adhesion, and the immune response. 71 Findings of this study correlate with a previous study that showed that 3D culture altered the expression patterns of integrin heterodimers, specifically upregulating mesenchymal markers such as a 5 b 1 . 72 Using either an overexpression or a silencing approach, it would be possible to directly test the impact of candidate genes for their contribution to the altered response we see in the two model systems, and further determine their effect on metabolic activity, the ECM, and cell-surface receptor mediated sequestration of drug molecules. 73 One major advantage of the developed system is the ability to dissect the contribution of the microenvironment to drug response. It has been shown previously that additional supplementations such as high serum, ECM proteins, and matrigel all affect the compactness of 3D cellular aggregates. 63, 74, 75 Such artificial supplements can allow cell lines lacking inherent spheroid forming abilities to acquire them. In addition, and as demonstrated by our results, manipulating the microenvironment can affect the inherent background mortality. Any supplementation should bear some relevance to in vivo conditions and should be systemically incorporated in order to eliminate artifactual outcomes. Previously, it has been shown that many ovarian cancers present with naturally growing spheroids in ascitic fluid and that such in vivo spheroid formation depends on the concentration of laminin, collagen IV and fibronectin within the fluid. 61, 62 Large and compact spheroids form only when the aforementioned proteins are abundant in ascitic fluid. Extrapolating these observations, and noting that matrigel possesses high concentrations of laminin and collagen IV and that serum contains fibronectin, suggests that these supplements are relevant. 63 The spheroid-based system, while powerful, does have its limitations. In particular, spheroids are simplified models that lack the extensive vasculature often associated with high stage solid tumors. Vascularization can alter the transport and the penetration of the therapeutic agents. 76 In addition, active signaling from tumor-infiltrating endothelial cells can alter the motility of cancer cells and facilitate tissue invasion and metastasis. 77 Besides contributing to diffusion, the nature of the interstitial flow (IF) within tumor tissue can also influence drug penetration. Pressure effects due to IF in a tumor tissue has been found to delay drug penetration, and relieving this pressure has been shown to augment therapeutic efficacy. 78 Currently there is no spheroid model that takes IF into consideration. Finally, tumor microenvironment governs the process of oncogenesis in a crucial way. In addition to cancer cells, a typical solid tumor may contain several other cell types such as cancer-associated fibroblasts, tumor-promoting inflammatory cells, endothelial cells, and pericytes. 79 Importantly, all of these have regulatory or promoting effects on tumor progression. Though it is possible to make spheroids out of multiple cell types, and thus, to mimic the tumor microenvironment to some extent, such models generally lack the complexity of tumor tissues. Many of these limitations may be overcome by replacing in vitro generated spheroids with spheroids present in the ascites of ovarian cancer patients, or from appropriately sized tumor tissues.
In ovarian cancer, ITH was estimated to occur in 54% of patients with advanced disease as determined by flow cytometry analyses on cells isolated from solid tumors. 80 Disparities in DNA content and K-Ras mutations have been noted between primary ovarian tumors and corresponding lymph-node and peritoneal metastases, further supporting the importance of ITH. 27, 81, 82 Significant differences have also been observed in immunohistochemical staining of mismatch repair proteins, including high mMSH2 staining in metastatic versus primary tumors. Additional evidence comes from Khalique et al. who confirmed ITH in 16 cases of grade 3 serous EOCs using microsatellite and single nucleotide polymorphism (SNP) analyses. 26 This study has not only identified ITH in chromosomes 13 and 17 in regions that harbor important regulatory genes including p53, BRCA1 and BRCA2, but also suggested a common origin of all clonal variations within a single tumor. Similarly, Cooke et al. have used comparative genomic hybridization (CGH) strategies including 24-color fluorescence in situ hybridization and SNP analysis to delineate ITH among cell lines derived from three high-grade serous ovarian cancer cases. 25 Interestingly, the CGH study also revealed that cisplatin sensitive and resistant cells share a common ancestor. How ITH affects overall drug response remains an intense field of study. Going forward, it will be possible to incorporate different cell populations in our assay system and to track them using specific fluorochromes. This would allow the determination of chemotherapeutic responses when drug sensitive and resistant cells are co-cultures while providing a system to assess the contribution of ITH to the ultimate host response to a specific agent.
From the technological perspective, there were several challenges that needed to be addressed. First of all, multicellular spheroids show more deformability and vulnerability to fluidic shear and compressive stresses than single cellular entities. For example, with little compressive pressure (>100 Pa, i.e., no more than 1 cm increase in pressure-head), a spheroid measuring 400 lm in diameter was observed to squeeze through a 200 lm wide constriction, thus, avoiding entrapment and incurring the undesired loss of samples that became permanently deformed and disintegrated in the process. Consequently, it is necessary to reduce the neck region as much as possible to avoid this compression phenomenon. However, as mentioned above (Sec. III A 1), narrowing the neck region under the current design constraints would mean elongation of the bypass section in order to keep the appropriate hydraulic resistance ratio for trapping. This constraint could potentially limit the scope of miniaturization and any future objective of large scale integration of such assay systems in a monolithic platform. For samples with high heterogeneity, a conservative approach with a very narrow neck region would be preferred. In that case, widening of the device dimension could be prevented by replacing linear bypass channels with serpentine alternatives typically used in micromixing experiments. 83 Such alternatives would increase the bypass hydraulic resistance while still allowing spheroids to move through. Nevertheless, the current design has the advantage that the trapping properties only depend on the relative dimensions of the channels and not on their absolute sizes, which is convenient as different cell lines produce spheroids with different properties. 43 In most cases, the design could therefore be scaled up or down to adapt to the typical diameter, shape and elasticity of the samples studied. Our results do support that the overall approach is feasible, and with further modification could be adapted to real-time monitoring of drug sensitivity in a clinically relevant setting.
V. CONCLUSION
Our purpose, in this work, was to delineate a microfluidic system capable of serially confining 3D spheroids in specific sections with well-defined geometry, in which controlled therapeutic treatment can be performed and monitored. While we choose spheroids over actually tissue samples for the proof-of-concept, we anticipate that upon successful implementation of the design its scope could be extended to actual tissue samples from tumor biopsy. Indeed, such microfluidic platforms would require minute amount of tissue samples which would enable testing a large number of specimens without necessitating the dissection of a large chunk of tissue mass. 23 While, in the current investigation, we emphasize on a specific epithelial ovarian cancer model, the current protocol is sufficiently generic to be used in investigating the chemoresponse of spheroids or tissue sections of other solid tumors.
